We have investigated the effect of long-term strict glycaemic control on peripheral and autonomic nerve function in 45 IDDM patients (age 18-42 years, diabetes duration 7-23 years) without clinical signs of neuropathy or other neurological disease. They were randomly assigned to treatment either with continuous insulin infusion, multiple injections (4-6 times daily), or conventional treatment (twice daily) for 4 years and followed prospectively for 8 years. Motor and sensory nerve conduction velocities were measured at the start and after 8 years. Autonomic nerve function tests were performed only once, after 8 years. A significant reduction of nerve conduction velocity was observed during 8 years in patients with mean HbA1 more than 10% (n = 12, group mean 10.9%, range 10.1-13.2%) compared to patients with HbAI less than 10% (n = 33, group mean 9.0 %, range 7.5-9.9 %). Change of motor nerve conduction velocity in the peroneal nerve was: -4.8 + 4.9 (SD) vs -2.2 + 5.3 m/s (p < 0.01). Change of motor nerve conduction velocity in the posterior tibial nerve was: -6.8 + 5.7 vs-3.9 +_ 5.1 m/s (p < 0.05). No significant changes were observed in the ulnar nerve. Change of sensoric nerve conduction velocity in the sural nerve was: -8.9 + 8.0 vs -4.6 + 5.3 m/s (p < 0.05). Multiple regression analysis showed that a change in HbA1 of 1% resulted in a 1.3 m/s change in nerve conduction velocity during 8 years. A significantly lowered heart-rate variation during deep breathing (p < 0.05) and heart-rate response to standing (p < 0.01) was found in patients with HbA1 more than 10 % compared to patients with HbA1 less than 10 %. This study confirms that the long-term lowering of blood glucose retards the deterioration in nerve conduction velocity observed in the diabetic nerve. [Diabetologia (1994) 37: 579-584] 
Summary
We have investigated the effect of long-term strict glycaemic control on peripheral and autonomic nerve function in 45 IDDM patients (age 18-42 years, diabetes duration 7-23 years) without clinical signs of neuropathy or other neurological disease. They were randomly assigned to treatment either with continuous insulin infusion, multiple injections (4-6 times daily), or conventional treatment (twice daily) for 4 years and followed prospectively for 8 years. Motor and sensory nerve conduction velocities were measured at the start and after 8 years. Autonomic nerve function tests were performed only once, after 8 years. A significant reduction of nerve conduction velocity was observed during 8 years in patients with mean HbA1 more than 10% (n = 12, group mean 10.9%, range 10.1-13.2%) compared to patients with HbAI less than 10% (n = 33, group mean 9.0 %, range 7.5-9.9 %). Change of motor nerve conduction velocity in the peroneal nerve was: -4.8 + 4.9 (SD) vs -2.2 + 5.3 m/s (p < 0.01). Change of motor nerve conduction velocity in the posterior tibial nerve was: -6.8 + 5.7 vs-3.9 +_ 5.1 m/s (p < 0.05). No significant changes were observed in the ulnar nerve. Change of sensoric nerve conduction velocity in the sural nerve was: -8.9 + 8.0 vs -4.6 + 5.3 m/s (p < 0.05). Multiple regression analysis showed that a change in HbA1 of 1% resulted in a 1.3 m/s change in nerve conduction velocity during 8 years. A significantly lowered heart-rate variation during deep breathing (p < 0.05) and heart-rate response to standing (p < 0.01) was found in patients with HbA1 more than 10 % compared to patients with HbA1 less than 10 %. This study confirms that the long-term lowering of blood glucose retards the deterioration in nerve conduction velocity observed in the diabetic nerve. [Diabetologia (1994) 37:
Polyneuropathy is a common complication of diabetes mellitus which may affect somatic and autonomic parts of the peripheral nervous system. The pathogenesis of diabetic neuropathy is still not clear. Chronic hyperglycaemia with its metabolic consequences may be the most important factor [1] [2] [3] [4] [5] . There is evidence that microvascular complications such as nephropathy and retinopathy may be retarded by strict glycaemic control [6] [7] [8] [9] . It is however still uncertain whether strict control of hyperglycaemia can prevent the occurrence and progression of polyneuropathy in patients with long-standing diabetes [10, 11] . Several short-term studies have demonstrated improvement of nerve conduction velocity in newly-diagnosed patients undergoing intensive insulin injection therapy [12] [13] [14] and in patients treated with continuous subcutaneous insulin infusion [15] [16] [17] [18] .
In a previous study we demonstrated using frequent nerve conduction velocity measurements improvement after 2 years of continuous subcutaneous insulin infusion [19] . The aim of the present investigation was to study whether long-term near-normoglycaemia might influence the progression of asymptomatic diabetic neuropathy. We report the results of the same patients followed-up prospectively for 8 years.
Subjects and methods
K.-F. Amthor et al.: Effect of strict glycaemic control on peripheral nerve function In 1982 45 IDDM were included in the Oslo study [19] . The protocol was approved by the Ethical Committee of the Norwegian Council for Science and the Humanities.
The patients fulfilled the following criteria: age between 18 and 45 years, diagnosis of diabetes before 30 years of age, duration of disease more than 7 but less than 30 years, no clinical signs of nephropathy (serum creatinine < 150 gmol/1) or systematic hypertension (diastolic blood pressure less than 100 mm Hg), no proliferative retinopathy, not pregnant, negative for C-peptide (less than 0.1 nmol/1 6 min after administration of i mg glucagon i.v.), and using no medication other than insulin apart from the oral contraceptive. There was no evidence of alcohol abuse in any of the patients. Two patients had intermittent proteinuria during the prestudy-period. Eleven patients had no retinopathy, 34 had simplex retinopathy. A general neurological examination was performed which showed that the patients had no clinical signs of neuropathy or other neurological diseases. We did not however use a detailed symptom questionnaire. One patient in each treatment group had a reduced nerve conduction velocity and sensory nerve action potential amplitude in their sural nerves. Thirteen patients (four on continuous subcutaneous insulin infusion, five on multiple injections, and four on conventional treatment) had one single nerve conduction velocity measurement slightly below the normal range initially. Otherwise, normal values were found. One patient at entry to the study was taking furosemid and angiotensin converting enzyme inhibitor due to hypertension. One patient was not available for reinvestigation in 1990. In this case the nerve conduction velocity measurements of the 2-year followup examination were used in the statistical analysis.
Before starting the study all patients were treated with two daily injections of insulin. Baseline results were obtained during a 2-month prestudy-period with home blood glucose monitoring. According to the study design the patients were randomly assigned to three different modes of treatment: continuous subcutaneous insulin infusion with portable pumps, multiple injections by means of insulin pens (Novo Nordisk, Bagsvaerd, Denmark), or continued conventional treatment with two daily injections of individually mixed rapid and NPH insulins. In the multiple injection group rapid acting insulin was injected before each meal (4-6 times daily) and NPH insulin given at bedtime. Continuous subcutaneous insulin infusion and multiple injections were started and optimized during a 5-day stay in the Diabetes Unit, Department of Medicine. The patients were followed-up by the same two investigators in the out-patient clinic. The first year of the study period the patients were seen monthly and in the following years every third month for the remainder of the study period. Due to the favourable results obtained by intensified insulin treatment after 4 years, the patients could freely choose the mode of treatment from that time [19] . Ten patients continued treatment with continuous subcutaneous insulin infusion, two with two daily injections and 33 with multiple injections, which is now the preferred treatment of IDDM in Norway.
Laboratory examinations. Blood glucose control was monitored by measuring stable glycated haemoglobin (HbA1, reference values 5.4 to 7.6 %, interassay coefficient of variation less than 5 %) at each visit. The mean of all measurements after randomization was used for statistical analysis. The patients performed home blood glucose monitoring by means of Haemoglucotest 1-44 regularly. After the second year these results were not systematically reported.
Neurophysiological examinations. Motor nerve conduction ve-
locities and F-responses were measured in the right ulnar, peroheal and tibial nerves. F-response latency was measured as the shortest latency of 10 consecutive responses. Sensory nerve conduction and response amplitudes were measured in the ulnar and sural nerves. Nerve stimulation was applied percutaneously with a bipolar surface electrode. Both motor responses and sensory nerve responses were recorded with surface electrodes. DISA electronic Ltd. (Skovlunde, Denmark) Neuromatic electromyography equipment was used. Coefficient of variation of nerve conduction velocity is 5-10 %. The examination was performed by two experienced neurophysiologists using standardized methods. Skin temperature was kept above 32 ~ registered by a thermistor.
Autonomic nerve function tests included beat-to-beat heart-rate variation during deep breathing (R-R variation), heart rate variation during a standardized Valsalva manoeuvre (Valsalva ratio) and postural heart rate response (15:0 ratio and 30:15 ratio). These tests were performed as described by Ewing and Clarke [20] . The Valsalva manoeuvre was avoided in patients with proliferative retinopathy, because of the risk of retinal haemorrhage. Autonomic tests were performed after 8 years only.
Statistical analysis
To decide whether the relation between mean HbA 1 and a response variable (e.g. change in nerve conduction velocity during 8 years) was statistically significant, a one-sided Wilcoxon ranksum test was used, comparing the responses in the group of patients with mean HbA1 greater than 10 % with the responses in the group of patients with mean HbAI less than 10 %. When simultaneously studying the relation between a response variable and several potential predictors of this response variable, multiple regression analysis was applied, with the response variable as the dependent variable, and the "potential predictors" (e.g. age, sex, mean HbA1) as independent variables. A significance level of 5 % was applied.
Results
Blood glucose control. The mean HbA1 level of the patients through 8 years was significantly reduced compared to the level at inclusion. The mean HbA1 was 11.2 (2.2)% (SD) (range 7.5-18.9) at start, and the mean of all measurements during the 8-year follow-up period was 9.5 (1.5)% (range 7.5-13.2%), a significant longterm improvement (p < 0.001). No upward drift of HbA~ was observed over time when the patients could freely choose mode of treatment after 4 years of strict randomization. Clinical data at the start of the study and after the 8-year follow-up are presented in Table 1 . A significant rise of blood pressure (p = 0.002), worsening of retinopathy (p = 0.005) and increase of urinary albumin excretion (p = 0.02) was found in the group of patients with HbA1 greater than 10 % [6, 7] . One patient received anti-hypertensive medication during the last 4 years.
Neurophysiological findings.
A general reduction of nerve conduction velocity, inversely related to the degree of glycaemic control was observed at the 8-year follow-up examination. Grouping the patients according to mean 8-years HbA1 in three groups with HbA1 less than 9% (n = 20), HbAa 9.1-10% (n = 13) and HbA1 greater than 10% (n = 12), the latter group showed a significant reduction of motor and sensory nerve conduction velocities and increase of F-response (Fig. 1, Table 2 ). Changes were most pronounced in the sural nerve. Deterioration of nerve conduction velocity and F-response latency in the upper limb did not reach statistical significance.
There was a reduction of 2.3 micro V (from 7.7 (4.0) (SD) to 5.4 (4.1)) of the sensory nerve action potential amplitude of the sural nerve in the group of patients with HbA1 over 10 %. No changes of sensory nerve action potential amplitudes were found in the groups of patients with HbA~ less than 10 %. The difference between these groups was significant (p < 0.05).
A multiple regression analysis was made to evaluate the relative influence of clinical background data such as age, sex, duration of diabetes, initial HbA1, and mean HbA1 on nerve conduction velocity after 8 years. The analysis showed that mean HbA1 during 8 years was the only parameter of statistical significance. A 1% difference of HbA~ was associated with a 1. Autonomic nerve function was not examined at the start of this study. A cross-sectional analysis of the data at the 8-year follow-up showed a significantly lowered heart rate (R-R interval) variation during deep breathing (p = 0.03) and heart rate response to standing (15:0 ratiop = 0.003 and 30:15 ratiop = 0.01) in the group of patients with a mean HbA1 greater than 10% compared to the group of patients with HbA1 less than 10 % during the previous 8 years. There was no statistically significant difference in heart rate response to the Valsalva manoeuvre in these two groups (Table 3) .
Discussion
The most important finding of the present study is that long-term reduction of mean blood glucose levels retards the deterioration of both motor and sensory nerve conduction velocity in the lower limbs of IDDM patients. The deterioration in nerve conduction velocity was marked in those with mean HbA1 of more than 10 % during 8 years. The study thus supports the theory that hyperglycaemia represents an important factor in the pathogenesis of early diabetic neuropathy. The relation between nerve conduction velocity and morphological changes in human diabetic neuropathy has been unclear. However, a strong correlation between morphological changes in sural nerve biopsies and nerve conduction velocity was recently reported by Veves et al. [21] . They concluded that conventional electrophysiological tests in the lower limb are reliable surrogate measures for structural abnormalities in early diabetic neuropathy. Changes in nerve conduction velocity in the present study may reflect structural changes.
Previous studies of the development of diabetic neuropathy implicated disease duration, degree of hyperglycaemia, height, and possibly alcohol consumption [22] as risk factors. No alcohol abuse was registered in our patients. According to the present study mean HbA1 over 8 years is an independent predictor for deterioration of nerve conduction velocity. Remarkably the change of nerve conduction velocity was not correlated with duration of diabetes, a well-established risk factor. This underlines the importance of hyperglycaemia in the development of early diabetic neuropathy, a risk factor that is accessible for intervention. Our findings suggest that strict glycaemic control with HbA~ levels less than 10 % retards the progression of early diabetic neuropathy and that a 1% change of HbA1 will on average result in a 1.3 m/s change of nerve conduction velocity over 8 years. In this intervention study mean HbA1 improved significantly by 1.7 %, suggesting that mean reduction of nerve conduction velocity was delayed by 2.2 m/s compared to the patients with HbA1 over 10%. This difference is within the range of what has been suggested as clinically important in a previous study by Dyck and O'Brien [23] .
A significant deterioration of motor and sensory nerve conduction velocities in the lower limb was only found in the group of patients with HbA1 greater than 10 %. This group of patients also had significantly delayed F-responses in the posterior tibial and peroneal nerves and significantly reduced sensory nerve action potential amplitude in the sural nerve. There is high consistency in the findings even when taking into consideration that F-wave latency may show some variability between examinations [24] . We found no significant electrophysiological changes in the upper limb.
In patients with diabetes of long duration structural degeneration of peripheral nerves, affecting both myelin and axons is common [3, 25, 26] . This stresses the importance of early treatment which can influence and retard these structural changes. Experimental data indicate that normalization of both nerve conduction velocity and morphological changes may occur in early stages of diabetic neuropathy [27] .
References
reported following short-term insulin treatment in early diabetes [12, 28, 29] and in patients with clinical or symptomatic neuropathy treated with continuous subcutaneous insulin infusion [30] [31] [32] [33] [34] . These rapidly reversible changes may have a different pathogenesis with metabolic dysfunction without development of persisting morphological changes [2] . The beneficial effect of near-normoglycaemia on peripheral nerve function in our patients has been demonstrated in previous results from the Oslo Study [19, 35] where a significant improvement of motor nerve conduction velocity on continuous subcutaneous insulin infusion was shown in all nerves tested, compared to conventional treatment. Sensory nerve conduction velocity and sensory nerve action potential amplitude improved slightly in all groups, the improvement being most prominent on continuous subcutaneous insulin infusion. The present results after 8 years strengthen our previous conclusions [19, 35] . The beneficial effect of strict glycaemic control has recently been convincingly demonstrated 7. in the Stockholm Study [36] and the Diabetes Control and Complication Trial (DCCT) [37] .
Diabetic autonomic neuropathy is common, but 8. symptomatic manifestations are surprisingly rare. Measurable autonomic defects may be found in as many as one-sixth of all patients [38] . A significant correlation between HbA1 level and autonomic dys-9. function was demonstrated in the present study. Previous studies demonstrated a deterioration of heart rate variation at rest, during deep breathing, and while standing for patients on conventional insulin therapy 10. compared with patients on continuous subcutaneous insulin infusion with improved glycaemic control [39] .
11. This was recently confirmed by the D CCT [37] .
Our neurophysiological findings are analogous to 12. what we have reported regarding nephropathy and retinopathy [6, 7] . Retinopathy worsened in patients with HbA1 greater than 10% compared to patients with 13. HbA1 less than 10 %, and urinary albumin excretion improved in patients with HbA1 less than 8.5 % and worsened in patients with HbAI over 10 %. Our results may point to a common mechanism of microangiopathy for the development of neuropathy. There is increasing evidence in the literature that peripheral diabetic neuropathy may at least in part be due to endoneurial vessel disease [40, 41] .
In conclusion the present study strongly suggests that chronic hyperglycaemia represents a main pathogenetic factor in subclinical diabetic neuropathy and that long-term lowering of blood glucose levels retards the development and progression of early diabetic neuropathy.
